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The gas-phase reactions of Sc1, Y1, and Ln1 (Ln 5 La–Lu, except Pm) ions with phenol were
studied by Fourier transform ion cyclotron resonance mass spectrometry. All the ions except
Yb1 were observed to react with the organic substrate, activating O–H, C–O, and/or C–H
bonds, with formation of MO1, MOH1, and/or MOC6H4
1 ions as primary products. The
product distributions and the reaction efficiencies obtained showed the existence of important
differences in the relative reactivity of the rare earth metal cations, which are discussed in
terms of factors like the electron configurations of the metal ions, their oxophilicity, and the
second ionization energies of the metals. The primary product ions participated in subsequent
reactions, yielding species such as M(OH)(OC6H5)
1, which lead mainly to
M(OC6H5)2(HOC6H5)n
1 ions, where n 5 0 –2. Formation of M(OC6H5)(HOC6H5)n
1 species was
also observed in the case of the metals that have high stabilities of the formal oxidation state
21, Sm and Eu. (J Am Soc Mass Spectrom 1998, 9, 1035–1042) © 1998 American Society for
Mass Spectrometry
In comparison with the transition metal ions, whichhave been studied for many years [1–6], the gas-phase chemistry of lanthanide ions has received less
attention. However, these last years have witnessed a
considerable progress in the investigation of the reac-
tivity of these metal ions toward various classes of
organic compounds [7–24]. This recent interest is re-
lated to the increasing use of rare earth metals (scandi-
um, yttrium, lanthanides, Ln 5 La–Lu) in many areas of
chemistry including preparation of “high-tech” materi-
als [25] and organic synthesis [26].
Several recent studies of lanthanide cations with
alkanes, alkenes [9, 17, 19], and arenes [13, 14, 24] have
shown that their gas-phase reactivity is directly depen-
dent on the electronic ground-state configuration of
each metal ion and the magnitude of the excitation
energies to reactive configurations with two non-f elec-
trons. More recently, investigations on the reactivity
with fluorinated hydrocarbons have given experimen-
tal evidence of the importance of the second ionization
energy of the lanthanides when an electronegative atom
such as fluorine is involved in the mechanistic process
[18, 21, 23].
Following systematic studies on trends in chemical
reactivity of Ln1 (except for Pm1), Sc1, and Y1 cations
toward hydroxylic organic compounds [11, 12, 27],
using Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR/MS) [28–30], we report in this
paper the work performed with phenol. The presence of
the aromatic ring introduces changes in C–O and O–H
bond strengths in regard to aliphatic alcohols and,
consequently, changes may be expected concerning the
reactivity. Moreover, because of the fact that Sc1, Y1,
La1, Ce1, and Gd1 activate benzene [8, 14, 24], C–H
activation of phenol could be anticipated. With this
work we will in fact show that competitive activation of
C–O, O–H, and C–H bonds of phenol by rare earth
cations occurs. To our knowledge, the only metal ion
whose gas phase reactivity with phenol has been stud-
ied to date is Fe1, yielding a metal–benzyne complex
FeC6H4
1 [31].
Experimental
All experiments in Nice were performed in a home-
built FT-ICR mass spectrometer equipped with an elec-
tromagnet giving a maximum magnetic field of 1.6 tesla
and interfaced with a Laser Science VSL 337ND pulsed
nitrogen laser. All experiments in Sacave´m were con-
ducted in a Finnigan FT/MS (Madison, WI) 2001-DT
FT-ICR mass spectrometer, equipped with a 3 tesla
superconducting magnet and interfaced with a Spectra-
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Physics Quanta-Ray GCR-11 Nd:YAG laser operated at
the fundamental wavelength (1064 nm). The rare earth
cations were produced by direct laser desorption/
ionization (LDI) of commercially obtained pure metal
pieces. Phenol, sublimed under vacuum prior to use,
was introduced in the spectrometers through leak
valves.
The detailed experimental procedures used in the
two laboratories, concerning neutral pressure measure-
ments, thermalization of reactant ions and rate constant
determinations, have been described previously (Nice
[11, 12], Sacave´m [16]). Kinetic studies with two com-
mon rare earth cations were performed in both labora-
tories in order to be able to compare the rate constants
for the different metal ions. These constants are re-
ported as reaction efficiencies, that is, as fractions of the
average dipole orientation (ADO) theory collisional
rates [32], calculated using a tabulated dipole moment
for phenol [33] and a molecular polarizability estimated
by Miller’s additivity method [34]. Uncertainties in the
pressure calibration procedures may lead to errors in
the absolute rate constants that we estimate to be 650%,
but the relative magnitudes of the reaction efficiencies
should have errors lower than 20%. For the two labo-
ratories, the reproducibility of the reaction kinetics as
well as the linearity of the semilog plots of the normal-
ized reactant ion intensities versus time were used as
indications of the thermalization of reactant ions. In the
case where there was more than one product ion,
absence of changes in the product distributions for
different collisional cooling periods or collision gas
pressures were also considered as indicative of the
thermalization effectiveness. Reaction sequences were
identified by means of double-resonance and MS/MS
techniques.
Results and Discussion
Primary Reactions of Rare Earth Cations with
Phenol
Three primary product channels are observed upon
reaction of a “bare” rare earth cation M1 with a mole-
cule of phenol: formation of metal oxide MO1 ion with
loss of neutral benzene (eq 1), which appears to be a
general process that occurs for all the rare earth cations
except Eu1 and Yb1; formation of metal hydroxide
MOH1 ion with concomitant loss of a neutral phenyl
radical (eq 2), which is only observed in the case of M 5
Nd, Sm, and Eu; loss of dihydrogen and formation of a
species with the formal composition MOC6H4
1 (eq 3),
pathway that occurs for M 5 Sc, Y, Gd, Tb, and Lu (in
the case of M 5 La and Ce traces of this species are
obtained).
M11C6H5OH3 [MO]
11C6H6 (1)
3 [MOH]11C6H5
z (2)
3 [MOC6H4]
11H2 (3)
The primary product distributions as well as the
reaction efficiencies k/kADO for the different rare earth
cations are listed in Table 1, along with relevant data
used in the discussion.
Any mechanistic hypotheses accounting for the
products formed in the primary reactions should be
considered in the context of previous gas phase reactiv-
ity studies of lanthanide metal cations with different
organic molecules, namely, alkanes and alkenes [9, 10,
19], dienes [15, 16, 19], arenes [13, 14, 24], fluorocarbons
Table 1. Primary product distributions (%) and efficiencies (k/kADO) of the reactions of rare earth cations with phenol, excitation
energies (eV) ground state 3 d1s1 state of the rare earth cations M1, and second IE (eV) of the rare earth metals M
M1
Primary product distributions (%)
MO1 MOH1 MOC6H4
1 k/kADO
a Excitation energy (eV)b 2nd IE (eV)c
Sc1 65 — 35 0.99 0 12.8
Y1 50 — 50 1.14 0.15 12.24
La1 100 — — 0.92 0.19 11.06
Ce1 100 — — 1.08 0.3 10.85
Pr1 100 — — 0.69 1.02 10.55
Nd1 85 15 — 0.58 (0.49) 1.4 10.73
Sm1 25 75 — 0.55 (0.14) 2.43 11.07
Eu1 — 100 — 0.34 (0) 3.6 11.24
Gd1 65 — 35 0.86 0 12.09
Tb1 80 — 20 0.78 0.42 11.52
Dy1 100 — — 0.30 1.31 11.67
Ho1 100 — — 0.37 1.44 11.8
Er1 100 — — 0.38 1.31 11.93
Tm1 100 — — 0.27 2.05 12.05
Yb1 — — — ,0.001 3.32 12.18
Lu1 20 — 80 0.69 1.63 13.9
aValues in parentheses are modified reaction efficiencies obtained by subtracting contribution from formation of MOH1 (“direct reaction”).
bValues from [10] and [36].
cValues from [39].
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[18, 21, 23], and alcohols [11, 12, 27]. These studies have
shown that the ability of the lanthanide series ions to
activate C–H or C–C bonds in hydrocarbons correlates
with the magnitude of the excitation energies from the
ground state electron configurations, generally 4fn6s1,
to configurations with two unpaired non-f electrons
electrons, like 4fn216s15d1 [35, 36], that are a necessary
condition if a bond insertion mechanism is considered.
The group 3 metal ions Sc1 and Y1 are very reactive
with hydrocarbons [7, 8, 10, 37], and have 4s13d1 and
5s2 ground state electron configurations, respectively,
with Y1 possessing an easily accessible 4d15s1 config-
uration (DE 5 0.148 eV) [10]. These excitation energies
from the ground state configurations to the 4fn216s15d1
configurations of the lanthanide ions or the ns1(n 2
1)d1 of Sc1 and Y1 are listed in Table 1.
When heteroatoms are present in the hydrocarbons,
other factors appear to be relevant in order to explain
the reactivity of lanthanide and group 3 cations. In the
case of fluorinated hydrocarbons, experimental evi-
dence was given of the importance of the second
ionization energy (2nd IE) of the lanthanides when an
electronegative atom such as fluorine is involved in the
formation, through a single electron transfer mecha-
nism, of LnF1 as main reaction product [18, 21, 23]. In
the case of the alcohols, the oxophilicity of the metal
ions was invoked as the major factor controlling the
overall reactivity [11, 12], although recent work involv-
ing the whole lanthanide series ions appears to indicate
that the second IE could also be important in explaining
the formation of LnOH1 species [27].
Two types of mechanisms could be simultaneously
operative in the formation of the three different primary
products summarized in Table 1: a “direct” reaction to
form the metal hydroxide ion MOH1 eliminating a
phenyl radical, and a O–H insertion followed by C6H6
or H2 eliminations to yield the MO
1 or MOC6H4
1 ions,
respectively. In Scheme 1 we show a representation of
the proposed mechanisms. In the “direct” mechanism,
coordination of a metal ion to the electronegative oxy-
gen atom could be followed by electron density transfer
from the metal cation to the hydroxo group, facilitating
the homolytic cleavage of the C6H5–OH bond. In the
“O–H insertion” mechanism, either 4-center or 6-center
electrocyclic eliminations could take place. Possible
structures for the MOC6H4
1 ion are, as indicated in
Scheme 1, a metal–oxo-benzyne species or a metala-
cycle. Experiments involving C6D5OH were in accor-
dance with the proposed mechanisms, as only forma-
tion of MOH1 or of MOC6D4
1 was observed for the
metal ions that reacted according to eqs 2 and 3,
respectively.
Formation of the MO1 and MOC6H4
1 ions could also
be explained by a mechanism that started with a C–O
insertion and was also followed by 4-center or 6-center
electrocyclic eliminations of C6H6 or H2, respectively.
However, the fact that the C–O bond in phenol is about
100 kJ/mol stronger than the O–H bond [D(C6H5–OH)
5 464 kJ/mol and D(C6H5O–H) 5 362 kJ/mol [39])
indicates that O–H insertion is most probably the fa-
vored step. The formation of MOH1 could also result
from a C–O insertion followed by elimination of a
phenyl radical, but in this case it is unlikely that a bond
insertion mechanism could occur for a metal cation
with such a high excitation energy as Eu1 (see Table 1).
The absence of the metal oxide ion MO1 as primary
product in the case of Eu1 and Yb1 is in agreement with
the very high excitation energies of these metal ions (see
Table 1), which rule out a bond insertion mechanism.
These high excitation energies are also responsible for
weak M1–O bonds [38], making the reaction channel of
eq 1 endothermic for these two metal ions. Using the
available thermochemical data [39], we can calculate a
DHr 5 139.2 kJ/mol for the formation of EuO
1 and
YbO1. Although observation of the pathway of eq 1
requires D(M1–O) $ 428.4 kJ/mol, the observation of
the reaction channel of eq 2 requires D(M1–OH) $
464.3 kJ/mol, indicating that in the case of Eu1 bonding
to an hydroxo ligand is stronger than to an oxo ligand
[D(Eu1–O) 5 389.2 kJ/mol].
In the case of Nd1 and Sm1, the observation of both
reaction channels of eqs 1 and 2 and the relative
abundances of the MO1 and MOH1 products for each
metal ion are in agreement with the relative magnitude
of the excitation energies. The absence of the MOH1
product ion for Dy1, Ho1, Er1, and Tm1, which have
intermediate excitation energies relatively to Nd1 and
Sm1, may be understood if we consider now that the
2nd IE of these metals could play a role in the “direct”
mechanism that we hypothesized as responsible for the
formation of MOH1. In Table 1 we present values of the
2nd IE [39] for all the rare earth metals where we can see
that there is a steadily increase of these energies along
the lanthanide series. The higher ionization energies of
Dy, Ho, Er, Tm, and also Yb, compared to the ones of
Scheme 1
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Nd, Sm, and Eu, appear to be in agreement with our
observations concerning the formation of the MOH1
ion.
The formation of the MOC6H4
1 primary product ion
in the case of Sc1, Y1, Gd1, Tb1, and Lu1, and its
absence for other metal ions with low excitation ener-
gies, like La1, Ce1, and Pr1 (as referred before, only
traces of this product ion could be observed for La1 and
Ce1, but proper thermalization of the reactant metal
ions could be in doubt), cannot be easily explained,
although the fact that these three metal cations have the
strongest M1–O bonds of the rare earth metals studied
could constitute an important driving force for the
formation of MO1 as the only primary product ion. A
detailed analysis of the electronic structures and life-
times of the ion–neutral collision complexes formed
with phenol would probably be helpful to fully under-
stand the preference of some of the rare earth cations for
the MOC6H4
1 product.
In our previous studies of the reactivity of group 3
metal cations, Sc1, Y1, and Lu1, with aliphatic alcohols
[11, 12], we considered that Lu1, because of its closed
shell ground state electronic configuration and its mod-
erately high excitation energy, was unable to react via a
bond insertion mechanism. In view of the results of the
present work involving other lanthanide ions with
comparable excitation energies, it appears that several
features of phenol, namely dipole moment (m 5 1.224
D) [33], high polarizability (a 5 11.1 Å3) [34], and weak
O–H bond [D(C6H5O–H) 5 362 kJ/mol] [39], are suffi-
cient to place the ion–neutral collision complexes in
deep potential energy wells and to reduce the reaction
barriers for O–H insertion, ultimately making a bond
insertion mechanism rather probable for the majority of
the rare earth cations studied, including Lu1.
The reaction efficiencies k/kADO determined for the
different rare earth metal ions and depicted in Table 1,
also seem to correlate with the excitation energies
presented in the same table. This correlation can be
improved if the formation of MOH1 by a “direct”
mechanism (for which the excitation energies are not
relevant) is taken into account, removing the corre-
sponding fraction of products simply by multiplying
k/kADO by the MO
1 relative distribution, in the cases of
Nd1, Sm1, and Eu1 (the modified values are presented
in Table 1 in parentheses). In Figure 1 we compare a
plot of these modified k/kADO values with a plot of the
excitation energies, as a function of the metal ion, and
we can readily see that there is a close match between
the two lines, with inversely parallel trends for the two
quantities.
In summary, the different primary products formed
in the reactions of rare earth cations with phenol appear
to result from an interplay of the ability of the different
metal cations to attain an electronic configuration with
two unpaired non-f electrons and react by a “bond
insertion” mechanism, and the tendency of the different
metals to give formally doubly charged cations and
react via a “direct” mechanism.
Reactions of Primary and Subsequent Product Ions
with Phenol
The primary products formed in the reactions of rare
earth cations with phenol react further with the sub-
strate by different pathways, and so do the subsequent
products. These reactions will be described in the
following sections.
Reactions of MO1. Three primary reactions of the MO1
ions with phenol were observed (eqs 4–6):
MO11C6H5OH3 [MOHOC6H5]
1 (4)
3 [MOH]11C6H5O
z (5)
3 [MOC6H4]
11H2O (6)
Table 2 lists the product distributions and the reac-
tion efficiencies k/kADO for the different rare earth
cations, along with thermodynamic values that are
relevant for the discussion. For Eu1 and Yb1, which do
not yield MO1 as a primary product, and for compar-
ison with the other rare earth cations, we produced the
oxide ions by reaction of the metal cations with N2O.
Eq 4 corresponds to the formation of the adduct ion
MO(HOC6H5)
1 [which can presumably be described as
M(OH)(OC6H5)
1 in view of its reactivity, as described
below] and is observed for all the rare earth metal oxide
ions except EuO1 and YbO1. These two oxide ions react
only by hydrogen abstraction to form MOH1, eq 5.
Formation of MOC6H4
1 with elimination of water, eq 6,
is observed for the oxide ions of Sc, Y, Gd–Tm, and Lu.
In a recent review of the gas-phase chemistry of
transition metal oxide ions [40], Schro¨der and Schwarz
showed that the strengths of the M1–O bonds and the
nature of the bonding were the main driving forces in
the reactivity of these species. In the present case, the
reactivity of the rare earth MO1 ions with phenol also
Figure 1. Efficiencies k/kADO of the reactions of rare earth metal
cations M1 with phenol (filled squares—left axis; modified values
from Table 1) and excitation energies ground state3 d1s1 state of
the rare earth metal cations M1 (open squares—right axis; values
from [10] and [36]).
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appears to be related with the strength of the M1–O
bonds for the different metals. In Table 2 we present
values of the bond dissociation enthalpies D(M1–O) for
the rare earth metal cations, from which it is readily
apparent that the ions with the strongest bonds, LaO1–
NdO1, are precisely the ones that are only involved in
the formation of the condensation product
M(OH)(OC6H5)
1, whereas the ions with the weakest
bonds, EuO1 and YbO1, are the ones that react by
H-atom abstraction to form MOH1. The formation of
MOC6H4
1, along with the condensation product, is
observed for the ions that have intermediate M1–O
bond strengths, with Sm and Lu constituting exceptions
for which we do not have explanations. For the lan-
thanide oxide ions of Gd to Tm, an increase in the
relative abundance of MOC6H4
1 is apparent from Table
2, on going from the ion with the larger D(M1–O), Gd1,
to the ion with the smaller D(M1–O), Tm1.
The variation of the M1–O bond energies along the
lanthanide series is related to the trend defined by the
fns1 3 fn21s1d1 excitation energies of the metal ions
[38], as can be easily seen by comparison of the corre-
sponding values in Tables 1 and 2. Qualitatively, the
bonding in the lanthanide monoxide cations may be
considered to range from a bond order $2 in the species
with the stronger bonds, LaO1–NdO1, to a bond order
$1 in the species with the weaker bonds, EuO1 and
YbO1. In these two monoxide cations, the oxygen atom
most probably has radical character, which could be
responsible for the H-atom abstraction processes ob-
served.
In a recent study of the reactivity of rare earth and
alkaline earth oxide cations with pentamethylcyclopen-
tadiene [16], we have also observed reactivity differ-
ences that correlated with the strength of the M1–O
bonds, and similar H-atom abstraction processes were
seen for the metal cations with smaller bond dissocia-
tion energies, Eu1, Yb1, and alkaline earth cations.
In Scheme 2 we present possible mechanisms for the
formation of the three product ions of MO1 and phenol,
in which there is a key participation of the oxo ligand in
the reactivity. The amount of energy deposited in the
product of H-atom transfer from phenol to the oxo
ligand, that should depend on the strength of the M1–O
bond, could be the driving force leading to elimination
of OC6H5 or of H2O, concurrently with the stabilization
of M(OH)(OC6H5)
1.
The results obtained when we used C6D5OH were
not conclusive in regard to this mechanistic hypothesis,
as formation of both MOC6D3H
1 and MOC6D4
1 was
observed. In fact, we cannot exclude that the formation
of MOC6H4
1 occurs by initial attack of the oxo ligand to
the aromatic ring, leading to elimination of D2O. Al-
Table 2. Primary product distributions (%) and efficiencies (k/kADO) of the reactions of rare earth oxide cations with phenol, and
rare earth metal cation–oxygen bond dissociation enthalpies D(M1–O) (kJ/mol)
Primary product distributions (%)
D(M1–O) (kJ/mol)bMO1 MOH1 MOC6H4
1 M(OH)(OC6H5)
1 k/kADO
ScO1 — 65 35 1.44 689 6 6
YO1 — 55 45 0.96 752 6 18
LaO1 — — 100 0.63 866 6 14
CeO1 — — 100 0.65 867 6 16
PrO1 — — 100 0.67 801 6 20
NdO1 — — 100 0.79 756 6 16
SmO1 — — 100 0.78 582 6 16
EuO1a 100 — — 0.69 389 6 18
GdO1 — 10 90 0.77 754 6 17
TbO1 — 10 90 0.76 733 6 16
DyO1 — 30 70 0.79 600 6 43
HoO1 — 40 60 0.76 597 6 27
ErO1 — 50 50 0.83 589 6 23
TmO1 — 90 10 0.82 535 6 22
YbO1a 100 — — 0.74 389 6 13
LuO1 — 100 — 0.77 560 6 20
aThese metal oxide ions were produced by reaction of the metal ion with N2O, introduced in the mass spectrometer through pulsed valves.
bValues from [39] except ScO1 from [42].
Scheme 2
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though both D2O and HDO eliminations could occur,
H/D scrambling within a long-lived intermediate spe-
cies is also possible.
Analogously with what was stated in the previous
section, a detailed analysis of the electronic structures of
the MO1 ions and of the lifetimes of the ion–neutral
collision complexes formed with phenol would be de-
cisive to fully understand the reactivity just described.
Reactions of MOC6H4
1. The MOC6H4
1 ion, having as
precursor either M1 or MO1, gives rise to two products,
M(OH)(OC6H5)
1 and M(OC6H5)2
1, in its reaction with
phenol. In Scheme 3 we present hypotheses of mecha-
nisms for the formation of these two ions considering a
possible metallacyclic structure of MOC6H4
1. If we
adopt the oxo-benzyne structure for this ion, formation
of M(OH)(OC6H5)
1 can be more easily envisioned, as
coordination of the phenol molecule could simply lead
to elimination of benzyne, followed by a rearrangement
to give the hydroxo-phenoxo species. It is also possible
to devise a multicentered concerted mechanism for the
formation of the bis-phenoxo ion, starting from an
oxo-benzyne structure, although it seems likely that this
structure would react preferentially by substitution to
yield M(OH)(OC6H5)
1.
For all the rare earth metal ions that form MOC6H4
1,
we found high kinetic efficiencies for the reactions of
this ion with phenol, that is, approaching the collision
limit (k/kADO > 1.0). The rate constants determined
showed a marked dependence on the effectiveness of
the thermalization procedure, indicating that the
MOC6H4
1 ion was normally formed with excess internal
energy. Another example of the influence of this high
energy content of MOC6H4
1 revealed itself in product
ions, like MOC12H8
1 and MO2C10H8
1, that formed in
reactions that apparently were not properly thermal-
ized (for which we obtained smaller rate constants). A
recent report by Bjarnason and Ridge on the pressure
dependence of the iron-catalyzed polymerization of
chlorobenzene in the gas phase demonstrated the im-
portance of relaxation processes in the reactions of
polyatomic ions with high internal energies [41], and
could be relevant in the present context.
Reactions of MOH1 and M(OH)(OC6H5)
1. The reac-
tions of the product ions that presumably contained the
hydroxo ligand, MOH1 and M(OH)(OC6H5)
1, showed
reactivities with phenol that corroborated these formu-
lations, that is, they reacted exclusively by elimination
of water, yielding M(OC6H5)
1 and M(OC6H5)2
1, respec-
tively. The mechanisms of these ligand substitution
reactions probably involve 4-centered-type transition
states, like the one presented in Scheme 4 for the case of
MOH1.
The reaction efficiencies k/kADO observed for the
metal hydroxo ions MOH1 in the case of Nd1, Sm1,
Eu1, and Yb1 were all close to 0.8. k/kADO for the
M(OH)(OC6H5)
1 ions, that formed for the majority of
the rare earth metal cations, were in the range 0.6–0.8.
Reactions of M(OC6H5)
1 and M(OC6H5)2
1. The reactions
of the product ions that contained the phenoxo ligand
corresponded simply to adduct formation, yielding
species of general formula M(OC6H5)(HOC6H5)n
1 and
M(OC6H5)2(HOC6H5)n
1, where n 5 1–2. In the case of
Nd, the species M(OC6H5)
1 gave rise to the bis-phen-
oxo metal ion instead of simple adduct formation,
probably because of a larger tendency of this metal to
attain a formal oxidation state 31 as compared to Sm
and Eu, metals that have more stable 21 formal oxida-
tion states. The reaction efficiencies k/kADO of
M(OC6H5)
1 were 0.2 for Nd and 0.1 for both Sm and
Eu. The M(OC6H5)2
1 ions reacted with phenol with
kinetic efficiencies that were in the range 0.2–0.4 for the
different metal cations. k/kADO for the species contain-
ing one neutral phenol ligand, M(OC6H5)(HOC6H5)
1
and M(OC6H5)2(HOC6H5)
1, were lower than 0.1.
Conclusions
All the rare earth metal cations studied except Yb1 were
observed to react with phenol, with formation of MO1,
MOH1, and/or MOC6H4
1 ions as primary products.
These ions participated in subsequent reactions, yield-
ing species such as M(OH)(OC6H5)
1, which lead mainly
to M(OC6H5)2(HOC6H5)n
1 ions, where n 5 0 –2. Forma-
tion of M(OC6H5)(HOC6H5)n
1 species was also observed
in the case of the metals that have high stabilities of the
formal oxidation state 21, Sm and Eu.
For the ions La1, Ce1, and Pr1, the reaction with
phenol follows a simple sequence that involves consec-
utively MO1, M(OH)(OC6H5)
1, M(OC6H5)2
1,
Scheme 3
Scheme 4
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M(OC6H5)2(HOC6H5)
1, and M(OC6H5)2(HOC6H5)2
1. In
the case of Nd1, the main sequence is similar to the
previous one, with a smaller contribution of a sequence
starting with MOH1 and continuing through
M(OC6H5)
1, M(OC6H5)2
1, and so on. For Sm1, two main
sequences could be observed: the one already de-
scribed, starting with MO1, and one starting with
MOH1 and involving successively M(OC6H5)
1,
M(OC6H5)(HOC6H5)
1, M(OC6H5)(HOC6H5)2
1, and
M(OC6H5)(HOC6H5)3
1. This last sequence is the only
one observed in the case of Eu1.
Sc1, Y1, Gd1, and Tb1 ions, that form MO1 and
MOC6H4
1 as primary products, follow a reaction se-
quence in which MO1 leads to MOC6H4
1 and to
M(OH)(OC6H5)
1; as before, this last ion consecutively
gives rise to M(OC6H5)2
1, M(OC6H5)2(HOC6H5)
1, and
M(OC6H5)2(HOC6H5)2
1, whereas the MOC6H4
1 ion
forms directly both M(OH)(OC6H5)
1 and M(OC6H5)2
1,
merging with the sequence started with MO1. In the
case of Lu1, there is a difference relatively to the
previous basic sequence that results from the fact MO1
exclusively gives MOC6H4
1, whereas in the case of Dy1,
Ho1, Er1, and Tm1, the difference stems from the
absence of MOC6H4
1 as primary product.
Comparing the results of the present work with the
ones obtained in previous studies on the reactivity of
rare earth metal ions with aliphatic alcohols [11, 12, 27],
it can be said that there is a general accordance between
the different studies, in terms of both the primary
products formed, mainly MO1 and MOH1, with
smaller contributions from products that resulted from
activation of the hydrocarbon part of the substrates, and
of the reaction sequences, which ultimately lead to
species of the type M(OR)2(HOR)n
1, or M(OR)(HOR)n
1
in the case of the metal ions with stable formal oxida-
tion states 21.
This work showed that the rare earth cations are
capable of competitively activating the O–H, C–O, or
C–H bonds of phenol, revealing, at the same time, the
existence of important differences in the relative reac-
tivity of these metal cations, in agreement with the
known data on their reactivity with alcohols and other
organic molecules.
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